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Abstract 8 
The aim of this study was to prepare and characterise composites of Soluble potato starch or 9 
hydroxypropylated maize starch with milled sugar cane fibre (i.e., bagasse).  Prior to the 10 
preparation of the starch-fibre composites, the ‘cast’ and the ‘hot-pressed’ methods were 11 
investigated for the preparation of starch films in order to select the preferred preparation 12 
method.  The physicochemical and mechanical properties of films conditioned at different 13 
relative humidities (RHs) were determined through moisture uptake, crystallinity, glass 14 
transition temperature (Tg), thermal properties, molecular structure and tensile tests.  Hot-15 
pressed starch films have ~5.5% less moisture, twice the crystallinity (~59%), higher Tg and 16 
Young’s modulus than cast starch films.  The VH-type starch polymorph was observed to be 17 
present in the hot-pressed films.  The addition of bagasse fibre to both starch types, prepared 18 
by hot-pressing, reduced the moisture uptake by up to 30% (cf., cast film) at 58% RH.  The 19 
addition of 5 wt% fibre increased the tensile strength and Young’s modulus by 16% and 24% 20 
respectively.  It significantly decreased the tensile strain by ~53%.  Fourier Transform 21 
infrared (FT-IR) spectroscopy revealed differences in hydrogen bonding capacity between the 22 
films with fibre and those without fibre.  The results have been explained on the basis of the 23 
intrinsic properties of starch and bagasse fibres. 24 
KEYWORDS: Biodegradable; Composites; Polymers; Starch; Sugar cane fibre. 25 
INTRODUCTION 26 
It is becoming increasingly evident that non-degradable plastics are doing much damage to the 27 
environment as they are either disposed into landfill sites or incinerated.  Also, the cost of 28 
producing these materials from fossil fuels is constantly increasing because of depleting global 29 
supplies.  Therefore, there is the need to replace these materials with biodegradable materials 30 
derived from plant sources (Yu et al., 2006).  Starch-based polymers are one such material, 31 
becoming popular because of their low cost, their abundance, and ease to be chemically 32 
modified.  However, starch-based polymers have limited use because, amongst others, they are 33 
hydrophilic, and can ‘retrograde’ (i.e., recrystallization on storage and holding) to become 34 
brittle and fragile.  To overcome some of these problems, plasticizers are usually added to 35 
improve processing by softening the polymer so that it can be blended and shaped more easily 36 
at temperatures below the decomposition temperature (Averous & Halley, 2009).  37 
Unfortunately, plasticizers are generally hygroscopic and increase the ability of these polymers 38 
to readily absorb moisture from the atmosphere.  The hydrophilic nature of plasticized starches 39 
can be counteracted by adding cellulose microfibres or nanofibres, which have been shown to 40 
improve water resistance, tensile strength and Young’s modulus (Alemdar & Sain, 2008; 41 
Angles & Dufresne, 2000; Chen et al., 2009; Teixeira et al., 2009). 42 
Lignocellulosics have good potential as reinforcing fibres because they contain cellulose fibres 43 
which are abundant, renewable and have a high tensile strength.  Various studies have shown 44 
that incorporating lignocellulose fibres into starch significantly improved the tensile strength of 45 
the composites, though they generally lowered the elongation capacity of the blends (Averous 46 
& Boquillon, 2004; Luo & Netravali, 1999; Mathew et al., 2008; Müller et al., 2009; 47 
Prachayawarakorn et al., 2010; Saiah et al., 2009; Vallejos et al., 2011; Wollerdorfer & Bader, 48 
1998).  The improved mechanical properties were attributed to the strong bonding between the 49 
fibre and the starch matrix resulting in good stress transfer.  Optimal strength is achieved when 50 
the fibres have good dispersion throughout the matrix, avoiding agglomeration that reduces 51 
stress transfer.  However, many of these lignocellulosics used for reinforcement are not in 52 
centralized locations, therefore harvest and transport costs add onto the overall cost of these 53 
composites.  One type of lignocellulosic material in abundance having centralised locations, 54 
is sugar cane fibre (i.e., bagasse), which is generated in sugar factories during processing, and 55 
is readily transportable in large quantities.  There has only been a limited amount of work on 56 
the use of bagasse fibres to reinforce starch-based materials.  Vallejos et al., (2011) showed that 57 
by incorporating 10 wt% the delignified bagasse fibre (length 667.3 µm, diameter 17.5 µm) 58 
with 30 wt% glycerol and 2 wt% stearic acid into thermally extruded  corn and cassava 59 
starches, there was an increase in tensile strength from 44% and 47% respectively.  Addition of 60 
more than 10 wt% fibres did not increase the tensile strength but instead resulted in a decrease 61 
that was attributable to fibre agglomeration as a consequence to poor dispersion in the matrix.  62 
Complementing the work of Vallejos et al., (2011), this study reports on the preparation and 63 
properties of composites derived from Soluble potato starch (Sigma-Aldrich brand name) and 64 
hydroxypropylated starch with milled natural bagasse fibre (length 24.0 µm, diameter 13.0 65 
µm).  As the fibre particles have an increased surface area to volume ratio than that used by 66 
Vallejos et al., (2011), it was envisaged that there may be an improvement in starch-fibre 67 
bonding.  The study also examined the effect of two processing conditions; the ‘cast’ method 68 
and the ‘hot-pressed’ method in order to identify the preferred method for making starch-fibre 69 
composites.  The properties of the films which were assessed by moisture uptake, diffusivity 70 
constant, crystallinity, glass transition temperature (Tg), thermal properties, molecular structure 71 
and mechanical properties. 72 
  73 
MATERIALS AND METHODS 74 
Reagents and solvents 75 
Hydroxypropylated high amylose (80%) maize starch (G939) was supplied by National Starch 76 
Pty. Ltd. (Lane Cove, NSW, Australia).  Modified (acid hydrolysed) potato starch brand named 77 
“Soluble starch” (25% amylose content), potassium sulphate (K2SO4), potassium bromide (KBr), 78 
potassium carbonate (K2CO3), potassium iodide (KI), sodium bromide (NaBr) and potassium 79 
acetate (CH3COOK) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  The 80 
plasticizer, glycerol, purchased from Merck (Darmstadt, Germany) was added to the starch to 81 
produce the film. 82 
Specification of samples 83 
Sugar cane bagasse was collected from Racecourse Sugar Mill (Mackay, QLD, Australia).  It 84 
was washed with approximately 30 L of water to remove residual sugar and dirt, and air-dried to 85 
constant weight.  The air-dried bagasse was screened by passing it through a wire mesh sieve of 86 
an aperture size of 4 mm.  This process resulted in the removal of the pith (i.e., parenchyma 87 
cells) component (40 wt% of bagasse) and some ash components, leaving behind the fibres.  The 88 
procedures used for compositional analyses of the screened bagasse were based on those 89 
reported by the National Renewable Energy Laboratory (Sluiter et al., 2008) and the sample 90 
consisted of 42.9 wt% cellulose, 27.1 wt% hemicelluloses, 27.0 wt% lignin and 0.4 wt% ash 91 
based on dry biomass weight.  The screened bagasse was milled in a Retsch SM100 cutting mill 92 
(Haan, Germany) and sieved through a wire sieve with an aperture size of 250 µm.  The sieved 93 
material was further processed in a FRISCH PULVERISETTE 6 planetary ball mill (Idar-94 
Oberstein, Germany) and screened using 63 µm and 35 µm sieves.  The size of the bagasse 95 
particles (length 21 to 27 µm, diameter 14 to 12 µm, aspect ratio 1.7 to 2.0) was estimated using 96 
a FEI Quanta 200 Environmental scanning electron microscope (Hillsboro, OR, USA).  A 97 
representative sample was carefully applied to sticky black tape and several SEM photos were 98 
taken (Figure 1).  The sizes of >200 bagasse particles were determined from which the frequency 99 
of the particle diameters and the aspect ratio per diameter were estimated. 100 
Solvent-cast film preparation method 101 
Starch (15 g) and glycerol (~3.3 g) were first thoroughly mixed together then 450 mL 102 
distilled water was added to a starch-glycerol mixture of 4 wt%.  This mixture was boiled 103 
while stirring vigorously for 25 min and allowed to cool to 75 °C before being cast on a non-104 
stick tray, and placed in a 65 °C oven to dry.  The concentration of starch was not increased 105 
above 4 wt% because the suspension became extremely thick during gelatinization, especially 106 
for Soluble starch and higher concentrations burned on the beaker bottom regardless of how 107 
well stirred.  Crystallization of the cast films was avoided by drying these at a temperature of 108 
65 °C that help produce an amorphous film (Lafargue et al., 2007b).  It was desirable to have 109 
an amorphous film so that the degree of crystallinity can be attributed to other processing 110 
conditions or starch properties.  The cast film thickness was 0.30 ± 0.02 mm so that the film 111 
can readily be handled for tensile testing and DMTA measurements at high relative humidities 112 
(RHs).  Thinner films tended to fall apart at high RH or easily break at low RH, and could not 113 
be tested otherwise. 114 
Hot-pressed film preparation method 115 
Cast films were cryo-crushed (i.e., grinding in liquid nitrogen using a mortar and pestle), then 116 
hydrated to 25 wt% moisture and allowed to equilibrate for 24 h. The crushed cast film 117 
material required hydrating so the polymer chains would become plasticized enough during 118 
hot-pressing to form a uniform film.  Films were made by hot-pressing the hydrated material 119 
in a brass plate mould (90 mm × 60 mm × 1 mm) for 15 min at 120 °C and 150 °C for G939 120 
and Soluble starch.  A pressure of 16 MPa was applied and maintained, even during the cooling 121 
period until 65 °C was reached to avoid foaming of the film from steam bubbles escaping. 122 
Moisture conditioning 123 
The films produced from casting or hot-pressing were each placed into six RH chambers 124 
using aqueous salt solutions of: K2SO4 (98% RH), KBr (81% RH), KI (70% RH), NaBr (58% 125 
RH), K2CO3 (43% RH) and CH3COOK (23% RH) until equilibration was reached, which 126 
was between 10 and 14 days (Greenspan, 1976). 127 
Moisture analysis 128 
Moisture content of the film was determined by drying the films in an oven at 105 °C to 129 
constant weight. 130 
Diffusivity analysis 131 
The moisture diffusivity constant (D) was determined from the initial slope of the moisture 132 
absorption curve derived from 10 mm x 10 mm x 1 mm starch/fibre films dried over night 133 
in a 100 °C oven after being conditioned at 98% RH and 23 °C, Eq 1 (Angles et al., 2000): 134 
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where at ெ೟ିெబெ∞ ൑ 0.5,  the error using Equation 2 is on the order of 0.1% (Angles et al., 2000). 137 
Wide angle X-ray powder diffraction 138 
X-ray powder diffraction (XRD) of the starch films was performed on a PANalytical X’Pert 139 
PRO MRD (XL) diffractometer (Almelo, The Netherlands) using Cu–Kα1 radiation (λ = 140 
1.5406 Å) and Cu–Kα2 radiation (λ = 1.5444 Å) at 40 kV and 40 mA with a divergent slit 141 
fixed at 0.5° and a 0.5 mm receiving slit without using any monochomator.  The scanning 142 
range was between 2θ = 4° and 2θ = 30° with a step size of 2θ = 0.0167°.  Wide angle X-ray 143 
diffractograms of the starch films were made by exposing the film samples (cut into 144 
approximately 15 mm × 20 mm rectangular shapes to the X-ray beam.  The degree of 145 
crystallinity (Xc) of the films was determined using the method described for starch films by 146 
Dai et al., (2008) using Equation 3:  147 
ܺ௖ ൌ ܣ௖ሺܣ௖ ൅ ܣ௔ሻ 
(Eq. 3) 
where cA  refers to the sum of the crystallized peak areas above the amorphous area and aA  148 
refers to the amorphous area on the X-ray diffractogram.   149 
Muller et al., (2009) also used the method of Eq 3 to determine the bulk crystallinity of the 150 
fibre/film.  151 
Dynamic Mechanical Thermal Analysis (DMTA) 152 
Dynamic mechanical analyses of the films were performed on a Rheometric Scientific DMTA 153 
Mark IV dynamic mechanical thermal analyser DMTA IV (Piscataway, NJ, USA) in tensile 154 
mode. The width and the length of the samples were 5.6 mm and 30 mm respectively. Samples 155 
were clamped at each end in the machine, and tested in tensile mode at a constant strain rate of 156 
0.01 % and a frequency of 1 Hz.  The range of temperature scanned was approximately from –157 
70 °C to 100 °C at a heating rate of 2 °C/min.  A thin coating of petroleum jelly was applied to 158 
the outside of the films to avoid water evaporation during testing that could give excessively 159 
high glass transition temperature (Tg) values.  The instrument was used to obtain the storage 160 
modulus (E′), the loss modulus (E″) related to the deformation energy dissipated as heat of 161 
friction (viscous modulus) and the damping factor (tan δ = E″/E′).  The experiments were done 162 
in duplicate. 163 
Thermogravimetric Analysis (TGA) 164 
TGA and differential thermogravimetric (DTG) analyses were performed in a TA Instruments 165 
Q500 thermogravimetric analyser (New Castle, DE, USA) at a heating rate of 5 °C /min from 166 
ambient temperature to 800 °C in a nitrogen atmosphere with a sample flow of 60 mL/min and 167 
a balance flow of 40 mL/min, to avoid the production of unwanted products in the presence of 168 
oxygen during analysis (Rodriguez et al., 2010).  The experiments were conducted in duplicate. 169 
Fourier-Transform Infrared Spectroscopy (FT-IR) 170 
The FT-IR spectra were recorded using a Nicolet 870 Nexus Fourier Transform infrared 171 
spectrometer equipped with a Smart Endurance single bounce diamond ATR accessory 172 
(Madison, WI, USA).  Test films were slightly pressed on the ATR object crystal before they 173 
were scanned (64 times) from 4000 to 525 cm–1.  The background scan (in air i.e. no sample) 174 
was first performed and subtracted from the FT-IR spectrum of the material, which was then 175 
normalised prior to evaluation. 176 
Tensile Testing 177 
Dumbbell shaped specimens were punched out from a freshly hot-pressed 1 mm thick starch-178 
bagasse film using an ASTM standard D 638M (1996) Type M-III die for tensile testing 179 
(Lemarchand et al., 2004).  These specimens were conditioned 23%, 43%, 58%, 70% and 81% 180 
RHs at 25 °C for between 10 and 14 days.  An Instron 4505 tensile testing machine (High 181 
Wycombe, UK) equipped with a 100 N load cell was used to measure the tensile strain.  Soft 182 
grips were employed to help prevent the delicate starch polymer specimens from being 183 
damaged by the machine grips.  The mechanical properties results were from five 184 
measurements. 185 
Statistical analysis 186 
Analysis of variance (ANOVA) and tests of significance were performed with Minitab® ver 16 187 
(State College, PA, USA) using a confidence level of 95%. 188 
  189 
RESULTS AND DISCUSSION 190 
Results for cast and hot-pressed films 191 
Hot-pressed film preparation temperature 192 
Hydroxypropylated starch (i.e., G939) was successfully hot-pressed at 120 °C which is lower 193 
than 150 °C used for Soluble potato starch.  Soluble starch hot pressed at 120 °C had a ‘frosty’ 194 
appearance with many cracks in the film where individual starch particles did not fuse together.  195 
Increasing the temperature to 150 °C removed these imperfections as revealed by optical light 196 
microscopy at a 20 times magnification.  The lower temperature for fusing the 197 
hydroxypropylated starch films may be due to the bulky hydroxypropyl group (attached mainly 198 
to C2 and small amounts to C3 and C6) (Chaléat, 2008; Tuschhoff, 1986) on the amylose 199 
backbone chain reducing hydrogen bonding interactions between adjacent chains making this a 200 
softer plastic (Figure 2).  Such an arrangement will result in a reduction of the gelatinisation 201 
temperature. 202 
Moisture uptake 203 
Table 1 shows the moisture content and the degree of crystallinity results for the films at 204 
different RH values.  The hot-pressed films have slightly lower moistures (~5.5%) than the 205 
cast films.  G939 cast films absorbed more moisture (~8.5%) than the Soluble starch cast 206 
films, despite having a higher amylose content; a result that contradicts the findings by Ke et 207 
al., (2003) who reported that starch with 50% or more amylose content reduced moisture 208 
uptake than those with higher percentage amounts of amylopectin.  A low amylase starch is 209 
expected to absorb more moisture because of the branched nature of amylopectin, even 210 
though it makes up the bulk of the crystalline region.  In the present study, although starch 211 
G939 is a high amylose starch, its bulky hydroxypropyl groups in G939 may have caused, 212 
due to steric hindrance, the amylose polymer chains to bond more loosely together allowing 213 
increased water-binding ability. 214 
As expected, irrespective of the film, moisture uptake increased with increasing RH, a result 215 
that agrees with published studies.  Van Soest et al., (1996a) obtained a value of 25–30 wt% 216 
moisture with  plasticized starch containing 30 wt% glycerol stored at 90% RH.  This 217 
compares reasonably well with the moisture contents observed at 81% and 98% RHs of 22% 218 
and 43% respectively.  There was no significant difference between the moisture contents 219 
obtained at 43% and 58% RH (Chaléat et al., 2008). 220 
Crystallinity 221 
From the main effects, hot-pressed films were more crystalline (2 ×) that cast films (Table 1). 222 
As explained above, the cast films were further heat-moisture treated to form the hot-pressed 223 
films. During the heating stage, the viscosity of the film is reduced allowing the starch 224 
polymer chains greater freedom to flow, reorganise and align, and recrystallize during 225 
cooling.  Because of the low temperature involved when materials are in the glassy state, 226 
where molecular changes are minimum if not non-existent, cryo-crushing or milling is not 227 
expected to affect the film chemistry(Mahasukhonthachat et al., 2010).  228 
Table 1 shows a higher proportion of crystals are present in the Soluble starch films (34%) 229 
than that present in G939 films. As mentioned above, the Soluble starch has higher 230 
amylopectin than G939, which is a high amylose starch with hydroxypropylated groups.  231 
Since amylopectin constitutes the crystalline region while amylose constitutes the amorphous 232 
region, the results obtained with the films are not unexpected. 233 
The crystallinity of the films reduced with RH, and the films were essentially amorphous at 234 
low RH, for example at 23% RH.  This agrees with the Rindlay-Westling et al., (1998) and 235 
Lafarague et al., (2007a).  Lafargue et al., (2007a) suggested that if the rate of dehydration was 236 
faster than the rate of crystallization, then there is not enough water or time for the starch chains 237 
to align and crystallize.  However, in the present study the cast films took up to 36 h to 238 
dehydrate and the starch polymer would have had enough time to recrystallise.  It is plausible 239 
that the drying temperature of 65 °C allowed the polymer chains to remain at high vibrational 240 
energy states preventing the association and alignment of the chains for recrystallization.  As 241 
the films dry the polymer chains become connected via hydrogen bonding.  This bonding 242 
restricts chain mobility and prevents recrystallization even after cooling down to ambient 243 
temperature since the Tg is above ambient.  However, if the films adsorb enough moisture from 244 
the air, the Tg will be lowered to below ambient temperature and recrystallization will occur. 245 
Starch has different types of crystalline phases; A-, B-, C- and V-types depending on 246 
commodity and processing conditions (Carvalho et al., 2008).  The B-type structure is found 247 
in roots and tubers, a group that potato belongs, while cereals, a group that maize belong, 248 
exhibit the A-type pattern.  The B-type consists of a double-helix with six glucose molecules 249 
per turn and 36 water molecules in the hexagonal system.  It is the most prominent type found 250 
in both the starch polymers as is evident by the x-ray peak at 2θ = 17°, 22.1° and 23.8° along 251 
with the weak peaks at 2θ = 5.5°, 10.8°, 14.8°, 19.3 and 26.1° (1996b) (Figure 3).  In general, 252 
the B-type structure was more prominent at higher RHs.  This shows that water, as expected, 253 
has a strong plasticizing effect on starch films, allowing the polymer chains to have a larger 254 
‘free volume’ to move freely, reorganise and recrystallise or undergo retrogradation as 255 
discussed above. 256 
The weak peak at 2θ = 12.58° (Figure 3) is characteristic of the VH crystalline structure and 257 
this was observed in the hot-pressed G939 starches stored at 70% and 81% RH.  The 258 
formation of the VH-type polymorph, the single helical amylose structure, could be induced 259 
by hot pressing starch films (Chaudhary et al., 2009; van Soest & Vliegenthart, 1997).  260 
DMTA Results 261 
DMTA was used to determine Tg, E', and E".  The damping factor (tan δ = E"/E') gives a 262 
peak which is the phase transition associated with Tg (Figure 4).  There are two Tg values for 263 
the starch films since glycerol was used as the plasticizer, and is partially immiscible with the 264 
starch matrix.  The higher temperature Tg corresponds to Tg1 for the starch-rich phase in the 265 
polymer matrix, whereas the lower temperature Tg corresponds with Tg2 for the glycerol-rich 266 
phase.  Tg1 is considered the more important glass transition temperature since it is associated 267 
with the thermomechanical properties of starch films. 268 
As shown in Table 2, the moisture content plays a very important role in the Tg values of the 269 
starch films regardless of the processing method used. In all cases, the hot-pressed films 270 
showed elevated Tg1 values compared to their corresponding cast films.  The Tg2 values were 271 
elevated for the hot-pressed films equilibrated at 98% RH compared with the cast films for both 272 
starches equilibrated at the same 98% RH.  However, there was a decrease in the Tg2 values 273 
associated with both hot-pressed starches equilibrated at 58% RH.   274 
The elevation of the Tg1 values for the hot-pressed films is because of increased crystallinity, 275 
where the crystalline domains are effectively forming cross-links between the amorphous 276 
regions preventing chain mobility and causing film stiffening (Stading et al., 2001).  This is 277 
also assumed to be the reason for the increase in Tg2 values for the hot-pressed films at 98% 278 
RH compared to the cast films under the same 98% RH.  The E' values of the hot-pressed 279 
films at 58% and 98% RH are also higher (except for the G939 film at 58% RH) than the cast 280 
films confirming their greater stiffness. (Rodriguez et al., 2010)  In summary, the higher Tg 281 
means that hot-pressing is likely to improve the processability of starch polymers. 282 
The reasoning behind the glycerol-rich phase glass transition temperatures (i.e., Tg2 are lower 283 
for both hot-pressed starch types equilibrated at 58% RH compared to the corresponding cast 284 
films) is not known (Table 2).  For Soluble starch, it may simply be a case of differences in 285 
moisture and lower E' values.  The hot-pressed soluble starch moisture content is ~1.5 units 286 
higher than the cast film.  For the G939 films the explanation appears not so simple because 287 
both the moisture and E' values are higher in the hot-pressed samples.  It may be due to the 288 
transfer of glycerol from the starch-rich crystalline domain to the amorphous glycerol-rich 289 
region of the matrix as similarly described by Mathew and Dufresne (2002).  The increased 290 
‘free’ glycerol in the glycerol-rich phase as noted by Averous et al., (2000) would increase 291 
the mobility of glycerol molecules causing a decrease in the Tg associated with the glycerol 292 
rich phase.  The complexity of the crystal structure and the proportions of starch polymorphs 293 
may also have contributed to the results obtained for these systems. The B-type polymorph, 294 
based on its structure, will bind water inside of the crystal structure making it unavailable to 295 
the amorphous starch matrix and may reduce the amount of water in the amorphous region. 296 
As mentioned previously, there was a significant difference in the degree of crystallinity 297 
between cast films and hot-pressed films.  The difference can be explained in terms of the Tg 298 
and moisture content during the processing stages.  Cast films when first dried are expected 299 
to be totally amorphous.  Only after the films absorbed enough moisture causing the Tg to 300 
shift below ambient temperature, does retrogradation and an increase in crystallization 301 
become evident.  For the hot-pressed films, because the granulated cast starch film material is 302 
hydrated, the Tg is below ambient temperature before during and after hot-pressing. It is 303 




TGA and FT-IR Results 308 
Figures 5 and 6 show the gravimetric mass loss for Soluble starch and G939 hot-pressed 309 
films respectively, both conditioned at 58% RH.  The DTG thermograms are also shown in 310 
Figures 5 and 6.  Starch degradation, after water loss, is essentially a one stage process with 311 
up to 75% mass loss at < 400 °C.  However, G939 multiple degradation steps as shown by 312 
the shoulders on the DTG curves.  This is due to the fragmentation of the hydroxypropyl 313 
groups from the C2, C3 and C6 positions of the amylose structure (Figure 2).  The maximum 314 
rate of weight loss for these shoulders occurs at 252 °C and 286 °C.  As shown in Table 1, the 315 
initial thermal decomposition temperatures (T0) of Soluble starch films are higher than those 316 
of the G939 films.  The reverse is true for the temperature at maximum rate of weight loss 317 
(Tmax) which is up to 13 °C higher for G939 films.  Therefore, at higher temperatures G939 318 
films are more unstable than soluble starch films. 319 
As shown in Table 1, hot-pressing increased the T0 and Tmax values of the films relative to 320 
solvent casting.  This is because the hot-pressed films are more crystalline.  Increasing the 321 
RH had no significant effect (p>0.05) on the T0 and Tmax values. 322 
There was no noticeable difference between the FT-IR spectra of cast and hot pressed films.  323 
Of interest though, is the band between 993 cm–1 to 1014 cm–1 of the C–O bond stretching 324 
vibration of the C–O–C group in the anhydroglucose ring (Dai et al., 2008; Jiang et al., 2011; 325 
Wu et al., 2010).  There is a general shift towards a lower wavenumber (up to 18 cm–1) with 326 
decreasing moisture content of the films (Figure 7).  Van Soest et al., (1995) observed this 327 
same trend in potato starch.  They attributed the shift to water-starch interaction associated 328 
with intramolecular hydrogen bonding.  The shift was more pronounced with G939 samples 329 
compared to Soluble starch samples, probably indicating a stronger H-bonding among 330 
hydroxypropylated starch, glycerol and water.  Glycerol has a strong C–O bond stretching 331 
peak at 1017 cm–1, as evident in freeze dried gelatinised Soluble starch and G939 samples and 332 
will merge with the C–O bond peak starch film, as water content increases. 333 
In summary, results have shown that hot-pressed films are twice as crystalline as cast films, 334 
are stronger (i.e., higher E'), higher Tg and are slightly more thermally stable.  There was a 335 
slight reduction in moisture uptake with hot-pressed films. On the basis of these results, 336 
starch-bagasse films were prepared by the hot-processing method. 337 
Starch-bagasse films 338 
Moisture uptake 339 
Table 3 shows the amounts of moisture adsorbed, film crystallinity and the thermal 340 
decomposition temperatures, T0 and Tmax.  As expected the moisture uptake increases as the 341 
RH increases (Table 3).  However, increasing the bagasse fibre content improved the film’s 342 
resistance to take up moisture by up to 15% (cf., Table 1), although the improvement was 343 
marginal for increasing fibre content from 10 wt% to 20 wt%.  Prachayawarakorn et al., 344 
(2010) also found that water absorption was reduced with starch-cotton fibre films because of 345 
the less hydrophilic character of the fibres compared to those of starch. 346 
The moisture uptake overall was ~15% lower with soluble starch films containing fibre than 347 
those without fibre.  A similar result was obtained with G939-derived films.  However, the 348 
Soluble starch-fibre films, as was observed with the films without fibres, are more water 349 
resistant than those made from G939-fibre films (Table 3).  Again, the most probable 350 
explanation for the higher moisture uptake by G939 based films, as discussed previously, is 351 
probably due to the bulky hydroxypropylated groups sterically hindering bonding between 352 
the amylose polymer chains and fibre, thereby allowing water molecules to hydrogen bond 353 
with the polymer chains.   354 
The exception to the trend is that moisture uptake at 98% RH was higher with the starch/fibre 355 
film compared to the starch-only films. In this case, the fibre-matrix bond is weakened by 356 
excessive water present to the extent that it allows water to track along the hydrophilic fibre 357 
surface more easily into the starch matrix.  At lower RH, the amount of moisture uptake was 358 
less for films with fibres since the fibre matrix bond is very strong. 359 
In summary, there are some benefits with regard to moisture resistant with starch films 360 
reinforced with bagasse fibre.   361 
The results of the diffusivity analysis are shown in Table 4 and are similar to results reported 362 
by Angles and Dufresne (2000) as there is a slight reduction in D with lower dosages of fibre.  363 
This may be caused by the way the fibres are aligned allowing moisture to be channelled 364 
more easily into the film. 365 
Crystallinity 366 
Tables 1 and 3 indicate that the bulk crystallinity for all starch-fibre films is greater than 367 
those of starch films without fibre.  It should be recognised that the method of calculation for 368 
starch-fibre films using Eq3 could lead towards lower crystallinity since part of the broad 369 
cellulose peaks may be interpreted as part of the amorphous area of the X-ray diffractogram.  370 
Unfortunately, the broad crystalline peaks of cellulose at 2θ = 16° and 22° (Bansal et al., 371 
2010; Thygesen et al., 2005) overlapped with film matrix crystalline peaks at 2θ = 17° and 372 
22.1°, making it impossible to separate the crystallinity of the bagasse from the bulk sample 373 
using Eq 3. The increased bulk crystallinity for the starch-fibre films may be due to the 374 
inherent crystallinity of the fibre marginally increasing the starch crystalline peak areas.  375 
However the fibres may be acting as a nucleating agent promoting crystal formation.   376 
This is despite the lower moisture content which should have reduced retrogradation.  Also, if 377 
the bagasse fibres are bonded to the starch matrix (as will be shown later  to be the case by 378 
SEM), the film will be more rigid thereby increasing the Tg, further preventing crystallization 379 
of the matrix (Vallejos et al., 2011). Vallejos et al., (2011) showed that the Tg increased as 380 
bagasse fibre was increased in starch films.  381 
As shown in Table 3, at the highest RH (i.e., 98%) the crystallinity is 26% indicating that 382 
recrystallization occurred because of the very high moisture content (43%).  This is due to the 383 
plasticizing effect of the water molecules in the film, lowering the film Tg.  From the 384 
interactions between RH and method of processing (not shown), the results obtained with 385 
G939 and Soluble starch films contradicts this observation as the former have higher water 386 
content than the latter.  Again, the influence of the bulky hydroxypropylated groups being the 387 
overriding factor. 388 
As in the case with starch films, the starch-fibre films possess the B-type polymorph, evident 389 
by a strong peak at 2θ = 17° and a weak peak at 2θ = 5.5°.  There were also increases in the 390 
proportion of the B-type with increasing moisture content.  The VH-type polymorph (2θ = 391 
12.98°) was also observed in many of the films as evident in all of XRD diffraction patterns 392 
of the Soluble starch-fibre films containing 20 wt% fibre conditioned from 23% to 98% RH.  393 
The reason for this is not known, although it may be related to the fact that for this starch-394 
fibre composition a higher processing temperature was required and so  more heat is retained 395 
prior to and during hot-pressing, and could have induced phase transitions to the VH-type. 396 
FTIR and TGA analysis 397 
Figure 7 shows the plot of moisture uptake and wavenumber between 992 cm–1 to 1016 cm–1.  398 
As with the case with starch films without fibres, the peak associated with the C–O stretching 399 
vibration of the C–O–C group (lying in the range 992 cm–1 to 1016 cm–1) shifts linearly in 400 
wavenumber with decreasing film moisture content (Figure 7b).  Such shifts have been 401 
attributed to hydrogen bond formation. (Capron et al., 2007; van Soest et al., 1995)  There was 402 
a greater shift to lower wavenumber, hence increased hydrogen bonding, with the films 403 
containing fibre.  This may help explain the improved properties obtained with starch-fibre 404 
films.  405 
Figure 8 gives the thermal decomposition curve of soluble starch-bagasse films containing 20 406 
wt% fibre conditioned at 58% RH.  For the Soluble starch films containing fibre, thermal 407 
degradation, after water loss, is essentially a two stage process with a prominent shoulder at 408 
274 °C.  This peak is also present in the multi-stage decomposition of G939-bagasse films 409 
and has been shown to be associated with the thermal decomposition of the hemicellulose 410 
component of bagasse (Maliger et al., 2011).   411 
Table 3 presents the T0 and Tmax values for these films.  These values drop with increasing 412 
fibre content.  Soluble starch-bagasse films have higher T0 values than the G939-bagasse 413 
films, similar to the results obtained with the starch films without fibre (Table 1).  Also, the 414 
T0 values for the starch-fibre films are slightly lower, than those of the hot-pressed starch 415 
films of Table 1.  This is because of the contribution from the relatively unstable 416 
hemicellulose component of bagasse.  Fibre addition however noticeably increased Tmax for 417 
Soluble starch films but slightly lowered Tmax for G939 films.  Conditioning the films at 418 
different RHs generally did not affect the T0 and Tmax values, although the  maximum 419 
difference between samples conditioned at 23% RH and those at 98% RH was 7 °C.  As such, 420 
increasing the moisture content in the films did not influence their thermal stability. 421 
Mechanical Properties 422 
Table 5 gives the mechanical properties of the starch-fibre films.  Addition of bagasse fibre 423 
significantly impacted on the mechanical properties of the starch films (Figures 9 and 10).  424 
The addition of 5 wt% fibre impacted on the Young’s modulus and tensile strength of starch.  425 
It increased the Young’s modulus by 24% and the tensile strength by 16%.  However, the 426 
extension at yield and extension at break were significantly reduced by 53% and 43% 427 
respectively. As shown in Table 5, the addition of fibre > 5 wt% decreased the tensile 428 
strength, the extension at yield and the extension at break relative to the values obtained at 5 429 
wt%.  Similar results were obtained by Vallejos et al., (2011) and Prachayawarakorn et al., 430 
(2010).  These workers found that increasing the fibre content to 15 wt% decreased the film 431 
tensile strength. While the soluble starch-bagasse fibre films have a higher Young’s modulus 432 
than their corresponding G939 films, they have lower tensile strength, extension at yield and 433 
extension at break.  Relative humidity significantly impacted on the Young’s modulus of the 434 
films.  The Young’s modulus at 23% RH (moisture content, 4%) was 25 times higher than 435 
that at 81% RH (moisture content, 21.5%).  436 
The decreasing in tensile strength obtained with increasing fibre loading clearly implies that 437 
bonding between the starch matrix and the fibre is not strong enough to allow stress transfer 438 
from the fibre to the starch matrix.  As fibre is stronger than the starch matrix, there should be 439 
an increase in strength if there is a good linkage between the matrix and the fibre.  Poor 440 
bonding between fibre and matrix may arise from one or a combination of the following 441 
factors: (a) fibre-fibre aggregation, (b) non-uniform dispersion of the fibre and (c) the 442 
presence of components which hinder bonding.  SEM revealed that the bagasse fibre particles 443 
did not appear to form clumps or aggregates at 10% wt. fibre content (Figure 11).  Also, the 444 
surface of a fractured starch-fibre film shows partial bonding between starch and fibre.  Thus, 445 
the generally poor tensile strength obtained in the present studies is probably related to the 446 
hydrophobic lignin component of bagasse preventing strong linkages between the cellulose 447 
fibres and starch.  As suggested by Prachayawarakorn et al. (2010), fibre overloading may 448 
also account for the relatively poor results obtained with 10 wt% and 20 wt% fibre. 449 
CONCLUSION 450 
Results have shown significant differences in properties between cast and hot-pressed films.  451 
The process of cryo-crushing cast films followed by hydration and then hot-pressing changed 452 
the morphological features and improved the thermal stability of the starch films.  The 453 
process also improved the uniform distribution of fibres in the starch matrix.  As such, the 454 
process based on hot-pressing is a better method to prepare starch-fibre films. 455 
It was demonstrated that adding bagasse fibre increased the Young’s modulus, and for the 456 
films containing 5 wt% fibre, the tensile strength of the materials was also enhanced.  There 457 
was a slight reduction in moisture uptake with fibre addition (except at 98%RH) possibly 458 
because of increased bulk crystallinity of the materials.  The amount of moisture content in 459 
the films significantly impacted on the mechanical properties of the films due to its 460 
weakening effects.  However, grinding bagasse fibres down to micron size range without 461 
delignification might improve the resistance of starch films to moisture uptake.  Reactive 462 
extrusion is an available option that will be explored to enhance the bonding between starch 463 
and bagasse fibres.  While nanofibres are beneficial, producing such from bagasse is not 464 
economical for the global objective of producing cheap starch-based materials from 465 
sugarcane bagasse. 466 
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Table 1 Sample description and physical data on processed films.* 
Variable Moisture 
(%) 
Crystallinity (%) T0 (°C) Tmax(°C) 
Film     
Cast 20.1a 5.6b 246.2b 311.9b 
Hot-pressed 19.0b 13.6a 264.4a 313.7a 
Starch type     
G939 20.4a 7.6b 245.4b 319.5a 
Soluble 18.8b 11.5a 265.2a 306.1b 
Relative Humidity     
98% 40.0a 20.0a 260.0a 312.5a 
81% 25.6b 11.9b 259.5a 311.8a 
70% 18.9c 9.3bc 253.8a 313.0a 
58% 14.0d 6.4bc 260.8a 313.3a 
43% 11.4d 5.3c 244.5a 312.8a 
23% 7.6e 4.4c 253.3a 313.5a 
*Figures under each property with the same letters are not significantly different (P > 0.05). 
 
 
Table 2 Glass transition temperatures and storage modulus. 
Cast films 


















98 –65 ± 1.5 –21 ± 1.6 15.6  ± 0.20 –43 ± 1.8 –25 ± 1.6 6.08 ± 0.06 
58 6.3 ± 1.4 46 ± 1.2 71.8 ± 13.0 3.8 ± 1.2 38 ± 1.2 486 ± 25.0 
Hot pressed films 


















98 –48 ± 1.6 –17 ± 1.4 23.6 ± 1.6 –39 ± 1.1 –18 ± 1.2 6.36 ± 0.06 
58 –12 ± 1.3 58 ± 2.6 503 ± 25.0 –3.7 ± 1.2 47 ± 1.1 342 ± 26.0 
 
  
Table 3 Sample description and physical data on hot-pressed starch-bagasse films* 
Variable Moisture 
(%) 
Crystallinity (%) T0 (°C) Tmax (°C) 
Fibre loading     
5% 17.8a 9.0b 263.7a 319.2a 
10% 16.6ab 17.1a 258.2b 316.9b 
20% 16.1b 16.4a 255.6b 309.0c 
Starch type     
G939 17.8a 12.6b 252.2b 316.6a 
Soluble 15.9b 15.7a 266.1a 313.4b 
Relative Humidity     
98% 42.9a 25.6a 263.2a 315.8a 
81% 21.5b 16.6ab 260.0ab 315.2a 
70% 14.7c 12.8ab 258.7ab 316.3a 
58% 10.6d 11.6bc 258.0ab 314.8a 
43% 7.4e 9.9cd 258.8ab 313.8a 
23% 4.0f 8.5d 256.2b 314.2a 
*Figures under each property with the same letters are not significantly different (P > 0.05). 
 
Table 4 Average diffusivity constants* for films conditioned at 98% RH 
Soluble starch G939 starch 
 
Fibre loading 
(wt %) D (cm
2 s-1) x 10 9 Fibre loading  (wt %) 
D (cm2 s-1) x 10 
9 
0.0 2.20 0.0 1.16 
5.0 1.72 5.0 0.97 
10.0 1.87 10.0 1.06 
20.0 1.96 20.0 1.24 
 Error in analysis ±6% 
  











Fibre loading     
0% 129.9b 6.1b 38.3a 41.8a 
5% 161.4a 7.2a 18.0b 23.8b 
10% 132.9b 4.9c 17.0b 19.4c 
20% 157.1a 5.2c 10.6c 13.5d 
Starch type     
G939 137.2b 6.7a 28.1a 33.6a 
Soluble 153.4a 5.0b 13.9b 15.7b 
Relative Humidity     
81% 13.1c 1.1c 31.8a 34.4a 
58% 92.4b 3.2b 26.9b 34.5a 
23% 330.6a 13.1a 4.2c 5.1b 
*Figures under each property with the same letters are not significantly different (P > 0.05). 































































































































































































































































SEM of ball milled sugar cane bagasse fibres.  
Figure 2 
Hydroxypropylated starch polymer chain showing hydroxypropylation at the C2 carbon 
position. 
Figure 3 
X-ray diffraction patterns of hot-pressed G939 hydroxypropylated starch films. 
Figure 4 
DMTA curves for Soluble starch cast film conditioned at 98% RH. 
Figure 5 
Thermal decomposition curve of hot-pressed Soluble starch film conditioned at 58% RH. 
Figure 6 
Thermal decomposition curve of hot-pressed G939 starch film conditioned at 58% RH. 
Figure 7 
FT-IR wavenumber variations of the C–O stretching vibration of the C–O–C group with 
moisture content of hot pressed (a) soluble starch with no fibre and (b) Soluble starch with 
20% sugar cane bagasse. 
Figure 8 
Thermal decomposition curve of Soluble starch-bagasse film containing 20 wt% fibre 
equilibrated at 58% RH. 
Figure 9 
Tensile stress vs. strain graph for Soluble starch fibre/films containing 0%, 5%, 10% and 
20% bagasse fibre equilibrated at 58% RH. 
 
Figure 10 
Tensile stress vs. strain graph for hydroxypropylated starch/fibre films containing 0%, 5%, 
10% and 20% bagasse fibre equilibrated at 58%RH. 
Figure 11 
SEM image of a surface of a fractured starch-fibre film at10% wt fibre content: (a) fibre 
bonding to starch and (b) small cylindrical fibre broken off from matrix  
